The change of colors of anodized titanium and effects of applied electrolytic voltages on chromatics of anodized titanium were investigated. The titanium specimens were anodized in 0.5 mol/L sulfuric acid and 0.2 mol/L phosphate acid electrolyte by use of different voltages. The colors of anodized titanium were measured with a spectrophotometer, and then evaluated in the CIE1976Lab uniform color scale and Mussell notation. It is found that one given volt produces a specific color. The chromatic values expressed in L * a * b * fluctuate widely in different voltage conditions. The hues in Mussell's notations are distributed widely, which show as red, yellow, green and purple in its five basic colors and yellow-red, green-yellow, blue-green and purple-blue in its five in-between colors in the range of 5 to 80 V. Anodizing with 10 V and 45 V respectively, the titanium plates appear two brilliant goldish yellow colors, but the former color is on the reddish side slightly while the latter color shows greenish a little. The spectrums of the two colors are in the range of wavelengths of yellow to red. It can be concluded that the colors of the anodized titanium are dependent upon the applied voltages. The goldish yellow may be used to improve the esthetics of titanium dentures.
Introduction
Titanium is attractive for its low weight, fatigue resistance, and corrosion resistance. These characteristics are of interest to dentistry as well because titanium has an excellent biocompatibility and is relatively inexpensive. [1] [2] [3] Other clinical advantages of using titanium in prosthodontics are ease of nondestructive inspection of titanium casting by a dental radiograph and the relative small amount of backscattered radiation from titanium if a patient requires radiotherapy for head and neck cancer. [4] [5] [6] One alternative to gold or base metals is titanium, which, for the past two decades, has mainly been used in manufacturing of dental implants. [7] [8] [9] [10] Recently, due to the improvement of techniques for the casting titanium alloys as well as the recent progress in CAD/CAM and electric discharge machining, there has been great interest in the use of titanium and its alloys for fixed and removable prostheses. [10] [11] [12] [13] [14] [15] [16] [17] However, there is a potential problem in clinical application, which is that titanium dentures may become dim impairing its aesthetic appearance after being used for a relative long time in the oral environment.
3) Because the higher demands of dental prostheses for not only restoration of oral functions such as mastication, pronunciation and durability but also dental aesthetics, 18) it is important to improve the esthetics of titanium dentures for practical clinic uses. Wang reported firstly that colored titanium by means of anodizing in room temperature could probably be used to improve the color of titanium restorations. 19) Anodization is a simple and applicable method to color titanium and improve its esthetics in industry due to highly reactivity of titanium with oxygen. Electrolyzing voltage is a most fundamental factor in the processing of anodizing that controls the color of titanium. 20, 21) This study was conducted to investigate the spectral reflectance and chromaticity of anodized titanium at different given voltages applied in order to determine the relation of electrolyzing voltages to chromatics of anodized titanium.
Materials and Methods
The type II cp-titanium was selected as experimental material for this study. The 12 mm square titanium test pieces were cut from a cp-titanium plate thick as 1.5 mm. The titanium specimens were prepared in the nitric acid and hydrofluoric acid solution for 15 s, cleaned ultrasonically in acetone liquid, rinsed in running water for 3 min and dried.
The specimens were anodized in 0.5 mol/L sulfuric acid and 0.2 mol/L phosphate acid electrolyte bath using different voltages in a specially designed electrochemical cell (Fig. 1) . The titanium specimens were fixed on the anode, the cathode, whose acreage is two times as that of the anode, is also made of a titanium plate because of its corrosion resistance. The distance between the anode and the cathode should be 10 to 15 mm. The anodizing voltages applied were arranged from five volts to eighty volts. Two anodized titanium specimens were prepared at each 5-V increment. After electrolyzed for 5 min in the electrolyte bath, the titanium specimens were removed from the anode, then rinsed with deionized water and cleaned using a ultrasonic cleaner. Then they were sealed in boiled deionized water and dried at 80 Celsius degrees for 30 min respectively.
The colors of the anodized titanium specimens placed in a white background were observed under bright illumination with a observing angle of 90 degrees. The distance between the specimens and the eyes is 25 centimeters.
The spectral reflectance of the specimens were determined by use of a recording spectrophotometer (Color-Eye 7000A, Macbeth. Co. USA). The reflectance data were recorded in the range of 360 to 760 nm at 10-nm increment. The chosen Influences of Electrolyzing Voltage on Chromatics of Anodized Titanium Dentures 3143 optics aperture size of the instrument was 10 mm by 7.5 mm. Every sample was measured three times while the measuring time was 1 s. The spectral reflectance means were recorded.
Tristimulus coordinates were determined for each specimen by use of the CIE1931 standard observer functions and standard illuminant source D 65 . The CIE chromaticity coordinates were converted to CIE1976L
* a * b * by means of Macbeth software, and Munsell notation by means of Xyztom8 software.
Results
The colors of the anodized titanium specimens at different applied voltages determined by naked eyes are given in Table 1 , which presents many vivid and splendid colors of titanium. The colors of titanium anodized at 10 V and 45 V appeared golden. The CIE1976L * a * b * chromaticity and Munsell notation are given in Tables 2 
Discussion
There are several methods of colorizing titanium and its alloys, such as anodization, air oxidation, plasma nitridation, sputter-coating, and pulse laser irradiation. [19] [20] [21] [22] [23] Unfortunately some advanced technologies such as plasma nitridation, sputter-coating and pulse laser irradiation are expensive and require sophisisticated equipment which are not practical for dental uses. It is generally known that titanium will anodize to produce a nearly inert, transparent oxide film capable of generating interference colors. Its process is probably simplest, most convenient and applicable. Anodization is a process of forming a film in the metal surface by means of the electrolysis. When titanium and its alloys are anodized in many oxidizing mediums, their surfaces can be coated with different colors by varying the amount of voltages applied. 21) Seeley and Gao et al. andozied titanium by use of 5% trisodium phosphate distilled water, 1 to 5% potassium hydroxide and 0.1% tartaric acid water solutions respectively. 21, 22) Their results shown that surface colors of andozied titanium were changed to many vivid hues while applied voltages increased. In this study titanium specimens are anodized in 0.5 mol/L sulfuric acid and 0.2 mol/L phosphate acid electrolyte at different voltages. The applied voltages are ranged from 5 to 80 V with every increment by 5 voltages; the color hues change as follows orderly: tiny yellow, dark golden, dark brown, purplish blue, shallow blue, dark blue, grayish yellow, yellowish green, shining bright golden, yellowish red, shallow red, purplish red, bluish purple, bluish green, dark green and yellowish green. The results are consistent to that of previous studies. 21, 22) The fact that colors vary with the voltage increments indicates that the colors of anodizing titanium is voltage controlled or voltage dependent. Many vivid and splendid colors of titanium could be obtained by means of anodization through varying electrolytic voltage applied.
In this study, the measurements of spectral reflectances of the colors of anodized titanium demonstrate that the CIE Chromaticity coordinates of anodized titanium are distributed extensively in the uniform 3-dimensional CIE1976L * a * b * color space with the changing of the given voltages, which means that the color range is very wide and extensive. Table 3 The Munsell notations for anodized titanium at different volts. +38.52 to −20.91, meanwhile the values of b * , demoting yellow/blue chromaticity coordinate, ranges from +34.02 to −33.13. The hue, value and chromas are varied with the varying of chromaticity coordinate. 24, 25) When CIE1976L * a * b * color space is converted to Munsell notation, it is more intuitionistic and remarkable to observe the change of the colors of anodized titanium at the different given voltages. There are five fundamental hues in Munsell notation, which are red, yellow, green, blue and purple, and five in-between hues, which are yellow-red, green-yellow, blue-green, purple-blue and red-purple. 25) In this study, four fundamental hues and four in-between hues are obtained except blue and red-purple. The values ranges from 3.13 to 6.92, the chromas ranges from 2.13 to 10.54. From the measurements of the colors of titanium anodized at different electrolytic voltages in the study it is demonstrated that chromaticity coordinates and Munsell notation change palpably and markedly, accordingly a great deal hues and vivid and splendid colors of titanium can be produced by means of anodization at different given applied voltages.
The coloring of titanium by means of anodization is produced by means of the intervening action of the reflex lights from the surface of titanium oxide film and the reflex lights from interface of the oxide film and titanium matrix. 20) When titanium is suspended in an electrolytic bath as an anode and a current is passed through the bath, oxygen is produced at the anode surface. This oxygen combines with the reactive titanium to form titanium oxide. This transparent oxide increases in thickness in relation to the amount of voltage applied. As the oxide thickens, its resistance to the passages of current also increases. At any given voltage this film will then grow to a specific depth and stop, having reached a stage where current will no longer pass. 21) At different voltages applied the thickness of titanium oxide films are varied. The higher the voltages applied, are the thicker the films. The different thickness of titanium oxide films cause the variations of luminous flux, refractive index and reflective index, which produce various specific colors of anodized titanium by means of intervening action of lights.
No matter which light is absent in the seven color spectrum, when recommingled together, the white light can not be reproduced but colorful lights.
25) The Fig. 2 illustrates that when the colors of titanium anodizes at 10 V, 45 V and 65 V, the spectral reflectance indexes vary distinctively. The spectral reflectance index curve at 10 V illustrates that the spectral reflectance index becomes higher and higher from 410 to 780 nm, which develops reddish yellow hue. The spectral reflectance index curve at 45 V illustrates that spectral reflectance to green; yellow and orange is highest from 490 to 670 nm, which develops yellow hue appearing golden color. The spectral reflectance index curve at 65 V illustrates that the spectral reflectance index from 420 to 500 nm is highest, this means most of yellow light is absorbed that develops purplish blue hue.
It is determined that the colors and the thickness of titanium oxide films of anodizing titanium are voltage controlled or voltage dependant. Consequently, as long as to adjust the anodizing electric potential, a specific color will be developed. In this study, when titanium samples are anodized in 0.5 mol/L sulfuric acid and 0.2 mol/L phosphate acid electrolytic bath at 10 V and 45 V, their colors appear golden, whose Munsell notations (H , V /C) are 3.65Y, 5.95/5.20 and 5.28,Y 6.61/4.77. The former, which had a lower values and higher chromas than that of the latter, appeared reddish yellow color; while the latter appeared bight greenish yellow color with a higher values and lower chromas. It is seemed that the two kind of golden color films are applicable and practically in dental clinic to colorize the dental titanium frameworks of dentures in order to enhance the aesthetics of titanium dentures by means of anodization, because the golden color is harmonious with the colors of the teeth, and is preferred by many patients. The other colors of titanium produced by anodizing at other given voltages may not be used in dental uses though they can probably be applicable for other industrial uses, because those colors are not harmonious with the colors of the teeth.
Color is a sense that is developed by lights that eyes accept from the outside of environments. Because all peoples might have a mental favoritism and preference for a specific color, so the colors, which are coincident with the esthetics of the subjects psychologically, may produce senses of joviality and merriness, 26) which suggests that it must be chosen accordantly to the patients mentally to colorize the titanium dentures by means of anodization. Whether the method of coloring titanium dentures can be applied in the dental clinic successfully, the abrasive resistance, corrosion resistance and color stability of anodized titanium oxide films should be further investigated in oral environment for dental uses.
Conclusions
(1) The fact that colors vary with the voltage increments demonstrates that the colors of anodizing titanium are voltage controlled or voltage dependent. Many vivid and splendid colors of titanium can be obtained by means of anodizing through changing electrolytic voltage applied.
(2) It is seemed that the two kind of golden colors titanium oxides produced by means of anodizing in 0.5 mol/L sulfuric acid and 0.2 mol/L phosphate acid electrolyte bath at 10 V and 45 V of electric potentials are applicable and practically in dental clinic to colorize the dental titanium frameworks of dentures in order to enhance the aesthetics of titanium dentures, because the golden color is harmonious with the colors of the teeth, and is preferred by many patients.
